Na x Co 2 O 4 powders were synthesized using the polymerized complex (PC) method and then the polycrystalline samples were prepared by the spark plasma sintering (SPS) method. The microstructure and thermoelectric properties of these samples were evaluated, and their differences due to the preparation process of the polycrystalline Na x Co 2 O 4 samples were investigated. The crystal grain sizes of the annealed PC samples after SPS at 1073 K and 1173 K were much smaller than that of the sample prepared by the conventional solid-state reaction (SSR) method and the sintered PC sample without pressure. Their relative densities were greater than 99%. We have obtained the dense sintered Na x Co 2 O 4 samples with a finer microstructure. In the case of the annealed PC sample after SPS at 1073 K, the thermoelectric power, , was remarkably higher than that of the SSR sample, and the value was as high as that of the PC sample without pressure. The electrical resistivity, , increased because of its finer crystal grains compared to the SSR sample and the sintered PC sample without pressure. In the case of the annealed PC sample after SPS at 1173 K, the was the lowest of all samples in spite of its finer microstructure. Based on these results, the power factors of the annealed PC samples after SPS at 1073 K and 1173 K were markedly higher than that of the SSR sample over the entire temperature range. For the annealed PC sample after SPS at 1073 K, the maximum power factor, 1:4 Â 10 À3 W/mK 2 , was obtained at 1073 K.
Introduction
Thermoelectric power generation, which can directly convert thermal energy into electrical energy, has been recognized as a new energy conversion technique to utilize waste heat exhausted by automobiles and incinerators. At the present, the Bi 2 Te 3 and PbTe systems 1) have been put to practical use as thermoelectric materials. However, it is difficult to use them at high temperature because of their low heat and oxidation resistance. Therefore, oxide systems have been expected as promising thermoelectric materials because they have good stability at high temperature and a low toxicity. In 1997, Terasaki et al. reported that a single crystal of Na x Co 2 O 4 showed a large in-plane thermoelectric power (100 mV/K at 300 K) and a low in-plane electrical resistivity (2 mm at 300 K).
2) Na x Co 2 O 4 has a bronze type layered structure, where the Na layer, randomly occupied by 50% Na ions in the regular sites, and the CoO 2 layer of the edgesharing CoO 6 octahedra, are alternately stacked along the caxis. The crystal structure of Na x Co 2 O 4 is classified into the following three types: P3: -Na y CoO 2 (0:55 y 0:6), P2: -Na y CoO 2 (0:5 y 0:7) and O3: -Na y CoO 2 (0:9 y 1) based on the sodium nonstoichiometry. 3) Molenda et al. reported that the P2-type shows a large thermoelectric power in spite of its metallic conductivity, i.e. it has a higher carrier density ($10 21 cm À3 ) compared to that of the conventional thermoelectric material. 4) A single crystal of -Na x Co 2 O 4 exhibits a crystallographic anisotropy in electrical resistivity, and the out-of-plane electrical resistivity is about one order greater than the in-plane electrical resistivity.
2) Moreover, it is considered that the out-of-plane thermal conductivity is smaller than the in-plane thermal conductivity because of the phonon scattering between the layers. Although some thermoelectric properties were reported for the polycrystalline Na x Co 2 O 4 , [5] [6] [7] [8] [9] they vary with the preparation conditions. In our previous study, 10) we have synthesized Na x Co 2 O 4 by the SSR method. However, there were many pores in the sintered body and the crystal grain size was heterogeneous. As a result, the electrical resistivity of the sample was about one order higher than that of the single crystal reported by Fujita et al. 11) Additionally, the SSR sample showed a lower thermoelectric power over the entire temperature range, and the value was about 25% lower at 800 K compared to the single crystal. We have also attempted to prepare the Na x Co 2 O 4 powders by utilizing the PC method and then sintering without pressure in air.
12) The PC method was originally outlined by Pechini 13) in the 1960's and modified by Kakihana et al. 14) The advantages are the elimination of a possible phase segregation during the process of solvent removal and the elimination of steps such as centrifugation, filtration, washing, drying, or fine control of the pH when fabricating the powder precursors. That is to say, it is possible to form a homogeneous and fine powder at low temperature. As a result, the thermoelectric power of the PC sample sintered without pressure was significantly higher than that of the SSR sample, and the value was comparable with that of the single crystal. In the present study, we have attempted to prepare the Na x Co 2 O 4 powders by utilizing the PC method and sinter the samples by spark plasma sintering. The SPS process is an electrical sintering technique, which applies a pulsed DC voltage and current to the sample. Therefore, the sample can be sintered for the short period of the sintering time to attain its full density. As a result, the further suppression of the crystal grain growth is expected by using the SPS method compared to the sintered PC sample without pressure. Katsuyama et al. reported that the dense sintered ZnAlO systems with a fine microstructure were obtained by making use of the PC method and SPS technique. 15) As a result, the smaller grain size led to an enhancement of the phonon scattering resulting in a decrease of the thermal conductivity, especially at low temperature. In the present paper, we have examined the thermoelectric properties and microstructure of the annealed PC samples after SPS, and discussed their differences among the SSR sample, the sintered PC sample without pressure and the annealed PC sample after SPS.
Experimental Procedure
The polycrystalline Na x Co 2 O 4 samples were synthesized by the PC method and SPS and are summarized in Fig. 1 . Citric acid and ethylene glycol were added in the proportion of 4 moles and 180 moles, respectively, for each mole of metal cation. Citric acid, NaNO 3 and Co(NO 3 ) 2 Á6H 2 O, according to the nominal composition of Na 1:7 Co 2 O 4 , were dissolved in ethylene glycol by heating and stirring at 473 K. The solution was heated at 473-573 K. During the heating process, the formation of the polymer between ethylene glycol and the metal citrate complexes was promoted. When the colloidal solution was condensed, it became highly viscous. Viscous polymeric product was decomposed to a fine powder at 723 K. The powder precursor was calcined at 1073 K for 18 ks in air to enhance the crystallization and eliminate the organic contents. In the SPS process, the powders were packed in gold foil to suppress the reduction caused by the graphite and placed into a graphite die. An electric current of 400-600 A was applied under a pressure of 40 MPa. During this procedure, the temperature increased to 973, 1073 or 1173 K at the rate of about 100 C/min. The sample was kept for 300-900 s at the desired temperature in air. The sintered pellets were annealed at 1073 K for 72 ks in air to make them homogeneous. For the pressureless sintering, the calcined powder was compacted at a pressure of 5:6 Â 10 2 MPa and then sintered at 1153 K for 72 ks in air. On the other hand, for the sample prepared by the conventional SSR method, Na 2 CO 3 and Co 3 O 4 powders were used as the starting materials. The mixture was pressed into pellets at a pressure of 5:6 Â 10 2 MPa. The pellets were calcined at 1153 K for 72 ks. The calcined pellets were ground into powder, and the powders were pressed into pellets and sintered at 1193 K for 72 ks. In the sintering process, the sample was sintered in the powder bed 7) with a composition the same as the sample. Additionally, we added 20% excess Na 2 CO 3 at each heating step since Na tends to evaporate during the heating process.
8) The crystal structures of the samples were examined by X-ray diffraction (XRD) analysis using Cu K radiation. The electrical resistivity and thermoelectric power were measured in the direction parallel to the pressed plane from 450 K to 1073 K in air by a conventional DC method. The microstructure and composition of the samples were examined by scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX). The evaluation of the thermoelectric properties should be characterized by the figure of merit, Z ¼ 2 =, where is the thermoelectric power, is the electrical resistivity and is the thermal conductivity. However, we could not measure the thermal conductivity in the direction parallel to the pressed plane due to the limitation of the experimental equipment using the laser flash method. Therefore, the thermoelectric properties of the samples were evaluated by a power factor, 2 =, in this study. Figure 2 show the SEM micrographs of the cross section of (a) the calcined powders prepared by the PC method, and (b) the powders after calcination from the SSR method. The size of the powders synthesized by the PC method was remarkably smaller than that of the powders pulverized after calcination from the SSR method, and the powders by the PC method have a specific shape, which was flat and plate-like with a 5-10 mm length. It is considered that the powders preferentially grew in the direction parallel to the layered plane during the PC process because of its layered structure. The powder XRD analysis showed that all the diffraction peaks can be assigned to the -Na x Co 2 O 4 . On the other hand, the powders after calcinations in the SSR method had random shape, and the large peaks of the Co 3 O 4 phase were detected by the powder XRD analysis due to the Na evaporation. Figure 3 show SEM micrographs of the pressed plane of (a) the SSR sample, (b) the sintered PC sample without pressure, the annealed PC samples after SPS at (c) 973 K for 900 s, (d) 1073 K for 300 s and (e) 1173 K for 300 s. The crystal grain size of the samples prepared by the PC method was remarkably smaller than that of the sample prepared by the SSR method. Especially, in the case of the annealed PC sample after SPS, we were able to suppress the crystal grain growth. An XRD analysis showed that small peaks from the Co 3 O 4 phase were detected in the PC samples after SPS at 973 K and 1073 K and that small peaks from the CoO phase were observed for the PC sample after SPS at 1173 K. This suggested that a portion of the -Na Co-oxide during the SPS process. However, all the annealed PC samples after SPS were composed of the -Na x Co 2 O 4 phase without any peaks due to impurity phases. We have previously reported the precipitation of Co-oxide phases caused by the decomposition of the -Na x Co 2 O 4 phase during the SPS process. 16) This is considered to be related to the significant temperature rise in local interparticle areas during the SPS process. For the annealed PC sample after SPS at 973 K, many pores were observed in the sintered body, and the relative density was 90.6%. This value was calculated from the theoretical density of the NaCo 2 O 4 , which is 4580 kg/m 3 . These results suggest that the sinterability was not as sufficient as the other PC samples that have the higher relative density of over 98%. For the annealed PC sample after SPS at 1073 K, no impurity phases were detected as shown in Fig. 3(d) . For the annealed PC sample after SPS at 1173 K, the precipitation of the Co-oxide phases with a 2-3 mm width was observed. These Co-oxide phases were not identified by the X-ray diffraction analysis. However, EDX analysis revealed that the component atoms of the impurity phases were Co and O. They can be Co 3 O 4 or CoO, judging from the impurity precipitates prior to the annealing. Based on these results, we have obtained denser sintered samples with a finer microstructure by making use of the SPS apparatus at the sintering temperature of 1073 K or 1173 K. In this study, we used the sample after SPS at 1073 K and 1173 K for 300 s in order to compare the microstructures and the thermoelectric properties with those of the sintered PC sample without pressure and the SSR sample.
Results and Discussion
A single crystal of Na x Co 2 O 4 has a crystallographic anisotropy in the electrical resistivity and the thermal conductivity as mentioned in the introduction. The XRD analysis showed that the intensity of the (002) and (004) peaks corresponding to the c-plane of the sintered Na x Co 2 O 4 samples was greater than that of the other peaks. This suggests that the c-axis of the crystal grains is aligned in the perpendicular direction to the pressed plane. The degree of caxis orientation of these sintered samples was evaluated by Lotgering's method based on the results of the XRD analysis. 17 ) F, which is called the Lotgering Factor, is defined as
where P ¼ P Ið00'Þ= P Iðhk'Þ and P 0 ¼ P I 0 ð00'Þ= P I 0 ðhk'Þ, and P Ið00'Þ and P Iðhk'Þ are the sum of the intensities of all the ð00'Þ and ðhk'Þ reflections for the pressed plane, respectively. P 0 is the P value for a non-oriented sample. In this study, P 0 was calculated by the intensities of the powder diffraction pattern from the JCPDS card.
18) Based on the definition, F varies from 0 for a randomly oriented sample to 1 for a completely oriented sample. F of the sample prepared by the SSR method was 0.73. On the other hand, F of the sintered PC sample without pressure, and the annealed PC sample after SPS at 1073 K and 1173 K were calculated to be 0.68, 0.45 and 0.57, respectively. The degree of c-axis orientation of the annealed PC sample after SPS is lower than that of the SSR sample and the sintered PC sample without pressure. This is considered to be mainly due to the short sintering time during the SPS method. Additionally, it is considered that the decomposition of the matrix phase during the SPS process resulted in a decrease in the degree of c-axis orientation. Figure 4 show the temperature dependence of (a) the electrical resistivity, , and (b) the thermoelectric power, , of the SSR sample, the sintered PC sample without pressure, and the annealed PC samples after SPS at 1073 K and 1173 K for 300 s. The electrical resistivity of all the samples monotonously increased with increasing temperature, which shows a metallic-like behavior. As shown in Fig. 4(b) , the sign of the thermoelectric power is positive over the entire temperature range, i.e. the major conductivity carriers are holes. In the case of the annealed PC sample after SPS at 1073 K, the increased with increasing temperature from 27.6 mm at 450 K to 36.6 mm at 1073 K. The value was higher than those of the sintered PC without the pressure sample and the SSR sample. On the other hand, it showed values significantly greater than those of the SSR sample over the entire temperature range. The value was as high as that of the sintered PC sample without pressure. EDX analysis revealed that the final compositions of the SSR sample, the sintered PC sample without pressure, and the annealed PC samples after SPS at 1073 K and 1173 K were Na Fig. 4 The temperature dependence of (a) the electrical resistivity, , and (b) the thermoelectric power, , of the SSR sample, the sintered PC sample without pressure, and the annealed PC samples after SPS at 1073 K and 1173 K for 300 s. The inset shows a schematic picture of the pressed and measurement direction.
Measurement direction
lower carrier density because the major carriers are holes. When the PC sample has a higher thermoelectric power and electrical resistivity compared to the SSR sample, the carrier density should be lower than that of the SSR sample. Based on this consideration, it is difficult to explain the higher thermoelectric power and electrical resistivity compared to the SSR sample by the difference in the carrier density. Therefore, the larger electrical resistivity is considered to be due to the enhancement of the carrier scattering caused by the reduction in the crystal grain size as shown in Fig. 3(d) and the lower c-axis orientation due to the SPS process. Meanwhile, we consider that the origins of the higher than the SSR sample are as follows. EDX analysis exhibited that, for the sintered PC sample without pressure and the annealed PC sample after SPS at 1073 K, each Na/Co ratio at local area scarcely varied. It is considered that the polymerized complex method led to the formation of homogeneous matrix phases without any change in the component atoms. On the other hand, for the SSR sample and annealed PC sample after SPS at 1173 K, the Na/Co ratio at the several local areas was different from the final composition. In the case of the latter, the heterogeneity is considered to be due to the decomposition of matrix phase at high sintering temperature, 1173 K. Based on these findings, for the sintered PC sample without pressure and the annealed PC sample after SPS at 1073 K, we believe that the homogeneity of these samples could have caused the increase in compared to the SSR sample. However, the of the annealed PC sample after SPS at 1073 K was as high as the sintered PC sample without pressure in spite of the difference of the Na/Co ratio, i.e. the carrier density. This is presumed to be due to the annealing effect resulting in the increasing homogeneity of the matrix phase. Further detail research is required in order to investigate the fact that the annealed PC sample after SPS at 1073 K with the larger carrier density displayed the higher thermoelectric power. In the case of the annealed PC sample after SPS at 1173 K, the value was the lowest of all the samples because of the increased mobility of the carrier caused by the higher relative density compared to the other samples. Additionally, this can be associated with the higher carrier density because of the lower Na content in the matrix phase. The value being lower than the PC sample after SPS at 1073 K is considered to be due to the higher c-axis orientation as well as the higher carrier density, and higher relative density. The magnitude of the is 19.1 mm at 450 K and 28.3 mm at 800 K. Fujita et al. reported the in-plane electrical resistivity and thermoelectric power of a Na x Co 2 O 4 single crystal from 300 K to 800 K. 11) The value slightly increased with increasing temperature from about 4.0 mm at 450 K to 5.2 mm at 800 K. Our value for the annealed PC sample after SPS at 1173 K was about five times greater than that of the single crystal. This is mainly due to the effect of grain boundaries and the lower degree of c-axis orientation compared to the single crystal. On the other hand, the value was higher than that of the SSR sample due to the PC method. However, it had a lower thermoelectric power than the sintered PC sample without pressure and the annealed PC sample after SPS at 1073 K. We considered that this is due to the heterogeneity of the Na/Co ratio and the precipitation of Co-oxide.
The temperature dependence of the power factor, 2 =, of the SSR sample, the sintered PC sample without pressure, and the annealed PC samples after SPS at 1073 K and 1173 K for 300 s is shown in Fig. 5 . The 2 = of the annealed PC sample after SPS was remarkably higher than that of the sample prepared by the SSR method over the entire temperature. This is due to the significant increase in the for the annealed PC sample after SPS at 1073 K. In the case of the annealed PC sample after SPS at 1173 K, the decrease in as well as the increase in led to the enhancement in the 2 =. The annealed PC sample after SPS at 1073 K showed the maximum power factor value of 1:4 Â 10 À3 W/mK 2 at 1073 K.
For the measurement in the direction parallel to the pressed plane, the higher degree of c-axis orientation leads to a decrease in the electrical resistivity. However, it causes an increase in the thermal conductivity. For the annealed PC sample after SPS, it is expected that the thermal conductivity in the direction parallel to the pressed plane can decrease because of its smaller grain size. As a result, the figure of merit can be improved because the power factor was highly enhanced by utilizing the PC and SPS method in spite of the lower c-axis orientation and the finer crystal grains. Consequently, we consider that the SPS method, which can minimize the grain growth, is more effective in improving the thermoelectric properties compared to the other methods.
Conclusions
The polycrystalline Na x Co 2 O 4 samples were synthesized by the PC method and subsequent SPS method. The annealed PC sample after SPS at 1073 K for 300 s was composed of the -Na x Co 2 O 4 phase without any impurity phase based on the results of XRD analysis and the SEM observation. The crystal grain growth during sintering was suppressed due to the SPS technique. As a result, the crystal grain size was significantly smaller and the relative density was greater than The temperature dependence of the power factor, 2 =, of the SSR sample, the sintered PC sample without pressure, and the annealed PC samples after SPS at 1073 K and 1173 K for 300 s.
that of the SSR sample and the sintered PC sample without pressure. It was found that the combination of the PC and SPS method is an effective technique to prepare a dense sample with a fine microstructure. The thermoelectric power remarkably increased compared to the SSR sample, and the value of the sample was as high as the sintered PC sample without pressure. The electrical resistivity was higher than that of the SSR sample and the sintered PC sample without pressure because of its finer crystal grains. On the other hand, the annealed PC sample after SPS at 1173 K showed the lowest of all the samples in spite of its finer microstructure. Based on these results, the power factors of the annealed PC samples after SPS at 1073 K and 1173 K were significantly greater than that of the SSR sample over the entire temperature range. The maximum power factor for the annealed PC sample after SPS at 1073 K was 1:4 Â 10 À3 W/mK 2 at 1073 K.
